The nitroaromatic compound 4-bromomethyl-3-nitrobenzoic acid (ANB) is a promising antitumoral agent whose activity has recently been investigated. Forced degradation studies were conducted on ANB with a high-performance liquid chromatography-ultraviolet assay to establish its stability and selectivity. ANB was subjected to degradation studies under hydrolytic (acid and alkaline), oxidative and light exposition conditions. The compound showed greater lability only in acid and alkaline conditions by forming a major degradation product. The chromatographic separation of ANB and its degradation product was achieved on an octadecylsilane column using a mobile phase of methanol-water (80:20, v/v), pH 4.0 adjusted with formic acid, flow rate of 0.7 mL/min, ultraviolet diode array detection at l 271 nm, injection volume of 20 mL and temperature of 308 8 8 8 8C. The method was validated according to International Conference on Harmonization guidelines with respect to precision (average relative standard deviation 0.67%), accuracy (average 99.97%), linearity (y 5 118730x 1 12912; coefficient of determination > 0.999), specificity and robustness ( p > 0.05). The degradation product formed as a result from the hydrolysis of nitrobenzyl bromide, corresponded to its benzyl alcohol, 4-hydroxymethyl-3-nitrobenzoic acid (ANOH) and was characterized by co-elution with a synthetic ANOH working standard.
Introduction
According to the World Health Organization (WHO), cancer is considered a public health problem, because it affects 12 million people annually, among individuals of all ages on every continent, and is the second leading cause of death by disease in the world (1) . Cancer therapy is based on surgery and radiotherapy, which are, when possible, rather successful regional interventions, and on systemic chemotherapy. Approximately half of all cancer patients are not cured by these treatments and may obtain only a prolonged survival or no benefit at all. The aim of most cancer chemotherapeutic drugs currently in clinical use is to kill malignant tumor cells by inhibiting some of the mechanisms implied in cellular division. Accordingly, the antitumoral compounds developed through this approach are cytostatic or cytotoxic (2) . Historically, cancer therapies targeting the cancer cell have been the preferred choices for researchers and clinicians.
Nitroaromatic derivatives are an important class of compounds used in the treatment of microbial and parasitic diseases, and have been under continuing investigation regarding their use in cancer therapy (3 -5) . The nitrocompounds have been known to exhibit redox properties, and, as potential bioreductive agents, they can selectively be activated under conditions of low oxygen concentration such as those found in the central regions of solid tumors (6, 7) . The biological activity of nitrocompounds has been investigated by the authors' research group (8, 9) . Among several tested compounds, 4-bromomethyl-3-nitrobenzoic acid (ANB) has displayed anti-proliferation effects against the Jurkat cancer cell line (derived from human T-cell leukemia). The antitumoral activity of ANB in vivo was also evaluated by using mice bearing solid Ehrlich tumors, which showed promising results (10) .
Given the promising antitumoral activity shown by the ANB, further studies on its physicochemical properties and chemical stability are mandatory. The data available for ANB are related to its solubility (it displays low water solubility and solubility in organic solvents, such as dimethylformamide and chloroform) (11) . No analytical methodologies can be found in prior literature concerning the definition of ANB.
Because the preparation of the pharmaceutical composition plays a key role in method development, it is important to investigate both the physical chemical properties of the drug and its response to forced degradation studies. From such results, it is possible to obtain information on the intrinsic stability and degradation pathways of the drug molecule, and to select excipients for the future development of formulations, such as solid lipid nanoparticles (SLN), alternatively for parenteral administration. Therefore, it is necessary to evaluate probable incompatibilities to become acquainted with the stability characteristics of ANB. Furthermore, it is also important to know the stability of the molecule to optimize the preparation methods for future formulations.
In the present work, a stress testing was conducted according to the International Conference on Harmonization (ICH) guidelines on stability testing (12, 13) . ANB was submitted to stress conditions of hydrolysis, oxidation and photolysis. A stabilityindicating high-performance liquid chromatography -ultraviolet (HPLC -UV) method was developed and validated for quantitative studies of ANB.
Experimental

Instrumentation and reagents
The present study used a Thermo Finnigan Surveyor liquid chromatograph system attached to an autosampler and a photodiode detector array (PDA). A BP210D analytical balance (Sartorius, Go¨ttingen, Germany), a B-491 rotavapor (Buchi, Flawil, Switzerland) and a MaxiClean 1400 sonicator (Unique, Indaiatuba, Brazil) were also used during the studies.
ANB reference standard (RS) was purchased (100.3% purity, batch 135837; Sigma Aldrich, Milwaukee, WI); in-house synthesized ANB working standard (WS) and its degradation product, 4-hydroxymethyl-3-nitrobenzoic acid (ANOH), were both characterized by Fourier transform infrared (FTIR) and proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) (8) . Formic acid and methanol of chromatographic grade were purchased from Tedia (Rio de Janeiro, Brazil). Sodium hydroxide (Mallinckrodt, Xalostoc, Me´xico) and hydrochloric acid (Carlo Erba, Milano, Italy) were of analytical grade. Commercial hydrogen peroxide (3%, v/v) was used. Deionized purified water was obtained (18 Mohm/cm; Millipore, Bedford, MA).
Chromatographic conditions
Elutions were initially performed at 24 mg/mL in the isocratic mode under a controlled column temperature (308C) using an octadecylsilane column (Ace C18 250 Â 4.6 mm, 5 mm; Aberdeen, Scotland); methanol-water as the mobile phase (80:20, v/v), pH 4.0, adjusted with formic acid; 0.7 mL/min flow rate; and UV detection at l 271 nm ultraviolet detection. The mobile phase was used as a sample diluent after pH adjustments, if necessary.
Method validation
The validation of the method was performed following recommendations set forth by the ICH (14) .
Stock standard solutions
A stock standard solution (200 mg/mL) was accurately prepared by weighing 40 mg of ANB RS in a 200 mL volumetric flask using the mobile phase. Suitable dilutions were made using the same diluent in the theoretical range of 8 -40 mg/mL for development and validation of the method. The stability of the diluted standard solutions was evaluated immediately after preparation at room temperature and followed up to a time interval of 48 h, under refrigeration.
Selectivity
The selectivity of ANB RS solutions at 24 mg/mL was evaluated with respect to degradation products and excipients. The presence of degradation products was evaluated after ANB RS solutions had been submitted to a stress test, described herein. The placebo interference was evaluated in comparison with excipients used in a developed SLN formulation, whose qualitative composition consisted of glycerin (Sigma Aldrich) and water (aqueous phase); Compritol 888 ATO (Gatefosse´, Lyon, France) and DSPE-PEG 2000 (Lipoid, Newark, NJ) (oil phase) in the presence of surfactant Tween 80 (Croda, Atlanta, GA).
Linearity
The linearity of ANB RS solutions was determined in a linear dynamic range, using the concentration points 8, 16, 24, 32 and 40 mg/mL in triplicate in a 25 mL volumetric flask. The simple linear regression, described by the equation y ¼ bx þ a, was calculated from ANB peak areas (mAU/min, y) versus concentration (mg/mL, x) by the least-squares method.
Precision Intra-day precision (repeatability) was assessed by relative standard deviation (RSD). Solutions were analyzed in triplicate at ANB concentrations of 8, 24 and 40 mg/mL. Inter-day precision (intermediate precision) was evaluated by repeating the procedures on three non-consecutive days with the same analysts.
Accuracy
The evaluation of accuracy was performed in triplicate by the standard addition method with SLN excipients. Solutions were used at low, medium and high levels of the nominal analyte concentration (24 mg/mL). The mean percentage recovery values calculated against the standards at each level were used as a measure of accuracy.
Robustness
The robustness of the proposed method was challenged by varying the final pH (+0.2 units) of the mobile phase. In addition to a methanol composition (+2.0%), modifications included the temperature of the column (+28C), wavelength (+2 nm), flow rate (+0.2 mL/min), and equipment, a quaternary liquid chromatography system (HP1200, Agilent, Palo Alto, CA) equipped with an automatic injector, a column oven and a diode array detector (DAD) module. Internal Agilent ChemStation software version Rev.B.02.01-SR1 was used for data acquisition. These chromatographic parameters were selected according to recommendation by the official compendium United States Pharmacopoeia (15) . ANB RS injections were performed at a nominal concentration of 24 mg/mL. Statistical comparison of the data was made by analysis of variance (ANOVA).
System suitability
The performance of the chromatographic separation was evaluated by using 24 mg/mL of ANB RS compared to the ANOH WS major degradation product (17.6 mg/mL). The parameters of system compliance, such as number of theoretical plates (N ! 2000), resolution (Rs ! 2), symmetry factor (As, or tailing factor, T; 0.5 T 2), and retention factor (k ! 0.5) were evaluated from 24 mg/mL of ANB RS (15) .
Stress test
Forced degradation studies were conducted in a 100 mL round bottom flask under magnetic stirring. ANB (40 mg) underwent alkaline hydrolysis (20.0 mL of 0.1 M NaOH, 1 h, at room temperature). Similarly, studies in acid conditions were performed (20.0 mL of 0.1 M HCl) for 24 h at room temperature, or 508C, and for 2 h under reflux. After the degradation processes, the solutions were neutralized and extracted with ethyl acetate. Both the organic and aqueous phases were evaporated to dryness and the residues were evaluated by the developed HPLC-UV method after dissolution in the mobile phase.
In the oxidative studies, ANB (100 mg) was subjected to stress with 3% hydrogen peroxide at room temperature for 36 h.
To follow the reaction progress, aliquots were periodically withdrawn and analyzed by thin-layer chromatography (TLC). Alkaline aliquots were first acidified before TLC studies. Elution was performed on a 60 plate silica gel (Merck, Darmstadt, Germany) with a solvent mixture of hexane-ethyl acetate-acetic acid
with ANB RS and ANOH WS.
To evaluate the exposure of ANB to light, 30 mg were placed in a transparent glass bottle within a UV/fluorescent Pharma-500L photostability chamber (Weiss Technik, Reiskirchen, Germany) for 15 days with a minimum UV fluorescent light source, as recommended by option 2 in ICH guidelines (16) . In this case, the sample was placed on a separate shelf under a UV spectrum distributed between l 320 and 400 nm while the maximum emission energy was distributed between l 350 and 370 nm. The standardized conditions for temperature and relative humidity (RH) in the photostability study were 25 + 28C and 60 + 5% RH, respectively. All samples were analyzed by the proposed HPLC -UV method.
Results and Discussion
Development and validation of the method The stability of the nominal ANB standard solutions (24 mg/mL) was evaluated immediately after preparation at room temperature, for which it remained stable. Under refrigeration, the follow-up of ANB was performed every 12 h and also indicated a satisfactory stability up to 48 h. After this period, a gradual hydrolysis of the molecule occurred.
The tested chromatographic parameters for ANB included a retention time (t R ) of 4.32 min (RSD 0.04%), peak area of 2,775,577 (RSD 0.2%), k of 1.82 (RSD 0.05%), N of 18,725 (RSD 0.04%), T of 1.3 (RSD 0.12%), which indicate suitability of the system under the described optimized conditions for 24 mg/mL of ANB analyzed in triplicate ( Figure 1A ).
Linearity and selectivity
An ANB analytical standard curve was constructed in the range from 8 to 40 mg/mL, a concentration interval that yielded a satisfactory analytical signal. The least-squares method was used to determine the curve regression plot of concentration (mg/mL) versus the peak area (mAU/min). The linear regression equation obtained for the cited concentration range was y ¼ 118730x þ 12912; the determination coefficient (R 2 : 0.9996) was greater than 0.99 and the RSD was 1.03%. The resolution was measured between the ANB RS and its degradation product, ANOH; the peaks were determined by calculating the resolution, 2.05 (Rs . 2), which proved to be suitable for the separation of the signals and for the proper application of the method.
Precision and accuracy
Intra-day precision was measured through RSD evaluation in the three concentration levels tested, 8, 24 and 40 mg/mL, which showed satisfactory results for repeatability with RSDs of less than 1.0% (1.03, 0.84 and 0.62%, respectively), as shown in Table I . For the intermediate precision, the RSD values ranged from 0.56 to 2.08% for all experiments, which confirms a low inter-day dispersion of the developed method. Accuracy was assessed by the standard addition method (Table II) with an average recovery of ANB ranging between 96.2 and 103.9%.
Robustness
A robustness test is expected to confirm the reliability of an analysis despite deliberate alterations of the method parameters. The variation of selected parameters ( pH, mobile phase composition, temperature column, wavelength, flow rate and equipment) was evaluated because they may affect chromatographic behavior. Low RSD results (,5%) obtained in robustness studies under varied chromatographic conditions indicated that the method is robust, p-values greater than 0.05 indicated no statistically significant differences. Small variations of pH (RSD 2.18%; p ¼ 0.783), composition of the mobile phase (RSD 1.37%; p ¼ 0.675) and column temperature (RSD 1.27%; p ¼ 0.491) did not influence the peak response. However, the variation of wavelength showed a greater RSD and a p-value closer to 0.05 (RSD 8.16%; p ¼ 0.217). The change in flow rate showed variations in results due to a high RSD value, however, the p-value was low (RSD 24.63%; p ¼ 0.013). Meanwhile, although alterations in the manufacture of the equipment showed low variation, the p-value was much lower than 0.05 (RSD 1.16%; p ¼ 0.043) indicating a statistically significant difference; therefore, these parameters are critical for the optimization method and must be set precisely.
Profile of degradation products ANB was subjected to different conditions of acid and alkaline degradation within varying times (1 -24 h) and temperatures (room, 508C and reflux). ANB consumption was monitored by TLC. It is evident that the rate of ANB acid hydrolysis was slower than the alkaline hydrolysis under the described conditions. ANB was found to be highly labile to alkaline hydrolysis. The reaction under 0.1 M NaOH at 258C was fast and complete; the initial compound was almost totally degraded after 1 h, yielding the degradation product in the carboxylate form. To follow the reaction by TLC, this anion was converted back to the unionized form by the addition of concentrated HCl until an acid pH was attained. The more polar degradation product formed showed a smaller retention factor (Rf ) of 0.28 than the less polar ANB (Rf 0.55), as shown by TLC.
To isolate the degradation products that were formed, the reaction was neutralized, transferred to a separatory funnel and extracted with ethyl acetate. After extraction, the solution was dried in both phases (organic and aqueous). The obtained solid from the aqueous phase was dissolved in methanol, filtered to remove the inorganic material and dried again. The masses of the residue obtained from the organic and aqueous phases are described in Table III . Based on the recovered mass, it was clearly observed that the residue remained predominantly in the aqueous phase, indicating that more polar degradation products may have been formed. The obtained residues were analyzed by reversed-phase (RP)-HPLC after dilution in methanol-water (80:20, v/v), pH 4.0.
No significant peak intensity (, 50 mAU) was observed when analyzing the residue from the aqueous phase. Nevertheless, the formation of more polar degradation products should not be discounted. Under the chromatographic conditions, polar products could not be detected. Analyses of the residue obtained in the organic phase showed the presence of ANB, whereas another peak corresponding to a degradation product proved to be predominant. Figure 1 presents the chromatograms of ANB RS ( Figure 1A ) and organic phases within acid and alkaline conditions. The degradation study under various conditions (0.1 M HCl at room temperature) resulted in the formation of a more polar degradation product within the retention time of 3.52 min ( Figure 1B) . Studies performed at higher temperatures (508C for 24 h and under reflux for 2 h) showed a gradual decrease in ANB and an increase in the degradation product ( Figures 1C and 1D ). Approximately 93, 79 and 6% of ANB, respectively (data calculated from the peak area obtained in the chromatogram when considering the total injected mass) were found in the residue obtained from the organic phase in the extraction after acid hydrolysis at room temperature, at 508C and under reflux. Regarding the organic phase obtained from the alkaline hydrolysis, primarily the same degradation product formed within acid conditions could be observed, and only 2.5% of ANB remained in the organic phase ( Figure 1E ).
Therefore, it was hypothesized that the degradation product formed corresponded to benzyl alcohol (ANOH), resulting from the hydrolysis of benzyl bromide (Figure 2 ). The presence of the bromine substituent, which is a satisfactory group, makes ANB susceptible to hydrolytic degradation. The identity of the DP was confirmed by co-elution with the synthetic sample of ANOH available in laboratory where the present study was performed ( Figure 3 ) (8) .
Oxidative conditions ANB proved to be more stable under oxidative conditions than under alkaline and acid hydrolyses. Under stress testing with 3% hydrogen peroxide after 36 h, after which ANB was found to be approximately 95% (Figure 4) , a small peak (signal of approximately 80 mAU in height) was detected at the same ANOH retention time.
Light exposition An ANB powder sample was exposed to a UV/fluorescent light chamber for 15 days to assess its photosensitivity. HPLC -UV analysis of its methanolic solution indicated the presence of 21.34% ANB, and no other degradation product could be detected in any significant concentration within the described chromatographic conditions ( Figure 5 ). After exposure to UV light, the solid sample gradually underwent a color change, from pale yellow to dark yellow. This color change may indicate the formation of a degradation product other than ANOH. However, that product or products could not be detected under the chromatographic conditions, most likely due to their high polarity.
A comparison of chromatograms obtained from different degradation conditions showed that both ANB and its degradation product, ANOH, are well resolved from each other, which demonstrates satisfactory degradation product selectivity, in turn allowing the application of the method for stress studies.
Conclusion
From the stress studies it was possible to evaluate the chemical stability pathway of ANB for alkaline and acid hydrolyses. Remarkably, ANB showed greater degradation in alkaline conditions at room temperature. A lower degree of degradation was noticed when ANB was exposed to light, which reveals the need for observation and warnings concerning its labeling and storage Table I . conditions. A major degradation product formed under both acid and alkaline conditions was identified as the corresponding nitrobenzyl alcohol of ANBANOH, resulting from the hydrolysis of the benzyl bromide moiety. The stability-indicating HPLC-UV method developed to quantify ANB showed precision, accuracy and selectivity when in the presence of ANOH. The limitation of this study is that ANB is not very stable in neutral solvent at room temperature; hence, a modification of its labile moiety is encouraged, which is already under study in laboratory where the present study was performed. and (2) ANB 24 mg mL 21 co-elution. Chromatographic conditions: as those stated in Fig. 1 .
